During the oscillating twin-roll strip casting process, the quality of final products is directly influenced by the flow field distribution of molten metal in the pool. The variation in the flow field is caused by oscillating roller benefits, for homogeneous distribution of strip impurity, and decreasing the grain size. Thus, the quality of the strip could be improved. A numerical model was developed using the multiphase flow technology, coupled with heat transfer, fluid flow, solidification, and oscillation. Furthermore, a transient algorithm was adopted for simulating the oscillating twinroll strip casting process of AlSi9Cu3 and 3104 aluminum alloy. This paper focuses on the flow distribution in the pool, in comparison with the traditional vertical twin-roll strip casting process, while the amplitude or frequency is changing with the definite value of casting velocity, roller diameter, nozzle angle, and the strip thickness. Consequently, the conclusions were experimentally validated by oscillating twin-roll 3104 aluminum alloy strip casting. Vibrating casting technology can change the flow field in the pool by vibration, which can improve the quality of the strip core. 
Introduction
Twin-roll casting (TRC) technology is one of the near net shape forming processes which can reduce production costs, energy, and wastage dramatically. In a traditional TRC process, the rotating axis of the rollers is fixed and the impurity deposit is in the center line with a steady flow field, which might lead to segregation, cracks and other defects [1] [2] [3] . Therefore, the oscillating twinroll strip caster, created by Du et al. [4] , with adopted mechanical oscillation, is able to adjust the oscillating amplitude of the roller through the different installation angles of a pair of eccentric suites.
The application of Computational Fluid Dynamics in TRC has been systematically introduced by Guthrie and Tavares [5, 6] . In addition, a more comprehensive mathematical model was established in order to study the influence of different nozzles to the temperature field and the distribution of solidified shell [7] . The distribution of the temperature field in the molten pool and the solidification end point in different roller gaps and diameters was studied by Zhang and Jiang [8, 9] . The impact of diverse casting velocity and temperature on the solidification point was analyzed by Li and Zhang [10] . Nonetheless, the solidification and the turbulence model was ignored by Li and Zhang. Recently, the free liquid surface wave model, considering the solidification and standard turbulence, was simplified by Sahoo et al. [11] . The effects of different casting velocities and super-heat on the solidification rate of the billet, during high speed casting and rolling of aluminum alloy was studied. The correctness of the mathematical model was verified by experiment on the solidification rate of the bullet shell.
In this paper, the distribution of the flow field in the molten pool of the casting and rolling pool of different amplitudes or the equivalent frequency with different amplitude is studied through numerical simulation. Furthermore, the effects of solidification and low Reynolds turbulence models on the numerical simulations were considered [12] [13] [14] . In addition, the influence of
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Chinese Journal of Mechanical Engineering the pressure change on the solidification process must be considered because the distribution of the flow field is affected by the oscillation of the roller during the strip casting process and the change of the pressure in the molten pool.
Mathematical Model and Boundary Conditions
The mathematical model is based on the following assumptions:
(1) The molten metal is a Newtonian fluid, and the flow is considered in-compressible; (2) Segregation is not taken into account during the solidification of molten metal in the molten pool, and the heat release process of phase transition between microstructure is neglected; (3) There is no slip between the rollers and strip; (4) There is no deformation of rollers and strips due to heat and same rotating velocity of rollers; (5) A 3-D problem is simplified to a 2-D problem because the temperature and flow field effects are neglected due to the width of the nozzle which almost equals the width of the rollers; (6) Thermal conductivity coefficient and viscosity of metal materials are functions of temperature; (7) The physical parameters of casting roller are constant.
Governing Equation
All of the governing equations could be expressed by a general differential equation as follows [15] :
where φ is the transport variable, T φ is the equivalent heat conduction and S φ is the source term of the momentum or energy equation.
Low Reynolds Turbulence Model
Turbulence with a lower Reynolds number is the major molten pool flow during the oscillating twin-roll strip casting. Moreover, due to continuous change of the molten pool and roller boundary during the casting roller oscillation, the standard turbulence model of wall function in the numerical simulation could not be determined accurately. Instead, the properties of turbulence in the fluid, two phase zones, and the wall can be easily handled by a low Reynolds number turbulence model because it is not necessary to use a wall function. Thus, the low Reynolds number turbulence model proposed by Lam and Bremhorst was employed [16] .
(1)
Solidification Model
The solidification was denoted using the Enthalpy-Porosity principle [17] , and the liquid phase fraction β was introduced as follows:
Application of the VOF Model
The VOF model relies on the fact that two or more fluids (or phases) are impermeable to each other. For each phase of the introduced model, a variable called the unit volume fraction is introduced. In each control volume, the sum of the volume fractions of all phases is 1. According to values of volume fractions, the variables and physical properties in any unit are representatives of either a phase or the multiphase mixture. Therefore, if the volume fraction of the phase q fluid in the unit is α q , there are three possibilities:
(1) α q = 0 : There is no phase q fluid in the unit; (2) α q = 1 : The unit is filled with the phase q fluid; (3) 0 < α q < 1 : There is an interface between the phase q fluid and another phase or multiphase fluid.
Boundary Conditions
The difference between the oscillating and the traditional strip casting is that a roller in the process of casting is oscillating, which leads to repeated casting of the weld pool. The schematic of the oscillating twin-roll strip casting process is shown in Figure 1 .
The boundary conditions at the entrance ("AB" in Figure 1) are: The pressure outlet ("CD" and "GH" in Figure 1 ) is:
The tangential velocity of the solidification shell and the roll surface is consistent with the same velocity at the interface ("DF" in Figure 1 ) of the oscillating roller surface and the molten pool. This is due to no-slip conditions between the roller and strip. Therefore, the velocity boundary conditions of the roller surface contact elements are as follows:
The interface surface of the non-oscillating roller and the molten pool ("GE" in Figure 1 ) is:
The exit ("EF" in Figure 1 ) is:
The rest or the boundaries are adiabatic. The oscillating displacement curve is:
In Eqs. (3)- (8), T in is the pouring temperature, u in is the inlet velocity, u x is the velocity of X direction, u y is the velocity of Y direction, k is the turbulent kinetic energy, ε is the turbulent kinetic energy dissipation rate, R noz is the hydraulic diameter of the nozzle, P 0 is the atmospheric pressure, T atmo is the atmospheric temperature, u cast is the casting velocity, α and ϕ are the units in contact with the right and left casting roller angle position respectively, eff is the effective thermal conductivity of the metal solution, A is the amplitude, f is the frequency, t is time, h R and h L are the heat transfer coefficients on the right and the left side of the casting roller and the molten pool interface of convection respectively. For the convection exchange heat coefficient, the thermal contact resistance, the equivalent radiation convection exchange heat coefficient and the effects [18] [19] [20] [21] [22] of oscillating roller contact with the molten pool surface of the air gap thickness were considered. Therefore, the coefficients for the two sides of convection exchange heat were not exactly the same, but they both ranged between 4000 to 6000 W/m 2 K [23] .
Determination of Numerical Solution
The oscillating strip casting process of one side casting roller is always rotating and oscillating, which causes the flow field change. Hence the transient algorithm was chosen for the simulation of the oscillating strip casting process [24] and the coupled algorithm for solving the pressure and velocity. The pressure interpolation was made by the Body Force Weighted, and the momentum, turbulent kinetic energy, turbulent kinetic energy dispersion rate and energy equations of the discrete schemed with second order upwind scheme. In the calculation process of the residual iterative convergence conditions are 1 × 10 −4 , except 1 × 10 −6 for the energy equation. Meanwhile, the initial internal flow field does not completely flow due to the transient algorithm. Therefore, the molten pool flow field velocity variation in one oscillating cycle is not stable and the law of the real production in the oscillating strip casting molten pool flow, can't be described. Consequently, it is necessary to monitor the velocity of some reference points that changes with time, in the molten pool, which stop the calculation until the reference velocity point size changes periodically with time.
Numerical Simulation and Analysis of Results
There are four special positions in one sine oscillation cycle: the rising balance position, the peak, the down balance position and the trough. Based on the transient calculations and comparing the flow field velocity, four vital positions were also found in the flow field velocity of the center line. In addition, the velocity of the center line also periodically changes along with the oscillating roller. By comparing the simulated data, it was found that when the oscillating roller reached the rising or down balance position, the distribution of the flow field velocity of the center line also reached two extremes. This is quite different from the non-oscillating velocity of the center line. Instead, when the oscillating roller reached the peak or trough position, the velocity of the center line distribution was almost the same with that of the non-oscillating roller. Therefore, this research focuses on the comparisons between the velocity of the center line with and without oscillation. More precisely, different frequencies and amplitudes are investigated when the casting roller is in the two balance positions. (Directions X and Y are defined as the core connection direction of the two casting rollers and the casting direction respectively). The thermophysical parameters of the material and the basic parameters of the oscillating twin-roll strip caster for AlSi9Cu3 aluminum alloy is shown in Table 1 .
The velocity distribution of the center line at the rising balance position is shown in Figure 2 , (a) with constant frequency (f = 10 Hz) and different amplitude, (b) with constant amplitude (A = 0.5 mm) and different frequency. Negative velocity of the center line corresponds to the same direction with the strip casting, while positive velocity of the central line corresponds to the opposite direction. The velocity point of zero is the transition limit of the fluid velocity direction change. When there is no oscillation, the stream line is shown in Figure 3(a) , the metal liquid below the inflection point is affected by the strip of the exit velocity, the flow has the same direction with the strip roll casting and the velocity increases. Above the inflection point, there are opposite and symmetric vortices, and the velocity of the center line is offset by the vortex. Therefore, the flow is opposite to the casting velocity. When the right roller oscillates, as shown in Figure 3 (b), double vortices on both sides of the nozzle evaluate to a single vortex on the left side of the nozzle. The single left vortex is forced to gradually move closer to the left casting roller. The Y direction velocity of the center line is mainly controlled by the right oscillating roller. The inflection point of velocity direction changing move to the exit of the strip (Line 1) under the offset by the right oscillating roller with the strip casting velocity. The greater the amplitude/frequency, the greater the instantaneous velocity of the casting roller up, which offset with the exit velocity, leading to the Y direction velocity distribution below the inflection point. Above the inflection point, the metal liquid flow is relatively simple, the greater the amplitude/frequency, the greater the influence of the oscillation on the metal liquid flow. Moreover, the velocity increases and then decreases under the influence of no slip at the bottom of the nozzle. Figure 4 shows the velocity of the center line in the Y direction at the down balance position. When the oscillating roller is at the down balance position, as shown in Figure 3(c) , the casting roller movement direction is the same with the direction of the casting. The velocity of the center line in the Y direction is determined by the casting and the oscillating roller velocity. Thus, when the frequency/amplitude is constant, the greater the amplitude/frequency, the greater the velocity of casting roller movement, the greater the influence on center line flow field, and the greater the velocity of the center line. Figure 5 shows the velocity of the central line in Y direction in the pool in one oscillation cycle under same frequency, with different amplitude, the same amplitude, and with different frequency. Changes in the velocity of the center line in one cycle are increased with the increase of amplitude or frequency.
During traditional twin-roll strip casting, the metal flow on both sides of the nozzle in the molten pool is symmetrical and the velocity of the center line in X direction is almost zero. While twin-roll strip casting is oscillating periodically, the velocity of the center line in X direction is affected, and the change along the X direction is similar with that along the Y direction. The center line velocity in one cycle increases with the increasing of amplitude or frequency. However, because the metal flow in the molten pool is still dominated by the Y direction (casting roller direction), there is little change in the velocity of the center line in the X direction. 
Experimental Verification
The same method was used to simulate the oscillating casting process of aluminum alloy 3104. The velocity of the center line in the Y direction in one oscillating cycle with amplitude A = 1 mm and frequency f = 10 Hz is shown in Figure 6 . The distribution and the change of velocity are basically the same with the oscillating casting process of the aluminum alloy AlSi9Cu3. The experiments for the aluminum alloy 3104 were carried out using the oscillating twin-roll strip caster. The first group is the traditional twin-roll strip casting, the second group is the oscillating twin-roll strip casting and the specific experimental parameters are shown in Table 2 .
The micro-structure of the longitudinal-section of the 3104 aluminum alloy strips near the central line for (a) conventional twin-roll casting and (b) oscillating twinroll casting (A = 1 mm, f = 10 Hz) are shown in Figure 7 . The grain is relatively long and narrow in Figure 7 (a) while relatively more uniform size grains appear in the right side of Figure 7(b) . Therefore, the variation of flow field caused by an oscillating roller, results in homogeneous distribution of strip impurity and decreased grain size.
Conclusions
(1) Simulations showed that the flow field in the molten pool is not in steady state but periodically changes, during the oscillating twin-roll strip casting process. 
